Introduction {#Sec1}
============

Whereas advancements in molecular and targeted therapies have greatly improved survival of patients with many types of cancers, treatment outcomes for pancreatic cancer have not changed significantly over the past 30 years. Pancreatic cancer remains the most fatal type of cancer, with 5-year survival less than 8%^[@CR1]^. If left untreated, the median life expectancy is 3½ months after diagnosis. Gemcitabine monotherapy was the standard of care for more than 15 years^[@CR2]^. However, it produces a median overall survival (OS) duration of only 6--7 months, with little impact on OS of patients with locally advanced or metastatic disease, who comprise the majority of cases^[@CR3]^. Recently developed combination regimens such as FOLFIRINOX^[@CR4]^ or gemcitabine plus nab-paclitaxel^[@CR5]^ have prolonged the median OS to 8.5--13 months, but with added significant toxic burden. Numerous attempts have been made to improve systemic therapies, but they have either failed to improve efficacy or added significant toxic side effects^[@CR6]--[@CR8]^.

Recently, there has been increased interest in using high-dose intravenous ascorbate (IVC) as an adjunct therapy with standard chemotherapy^[@CR9]^. IVC is safe and free of common toxic side effects that often accompany chemotherapies. A phase I trial by Hoffer *et al*.^[@CR10]^ treating 24 terminal cancer patients found that IVC dosed at 1.5 g/kg 3x weekly was free of significant toxicity, and unexpectedly, 2 patients had stable disease. Our group reported a pilot trial treating stage III-IV ovarian cancer patients^[@CR9]^ randomized to the standard paclitaxel/carboplatin chemotherapy, or the standard chemotherapy plus IVC (75--100 g/infusion, 2 x weekly for 1 year). IVC treatment substantially decreased chemo-associated toxicities^[@CR9]^. The median time for disease progression/relapse was prolonged by 8.75 months in the ascorbate + chemo group compared to the chemo-only group, despite the trial not being statistically powered to detect efficacy^[@CR9]^. Two small trials in pancreatic cancer patients were recently reported by Monti *et al*.^[@CR11]^ and Cullen *et al*.^[@CR12]^ both using IVC (50--100 g/infusion 2--3x weekly) together with gemcitabine or gemcitabine plus the EGFR inhibitor, erlotinib. In both trials, IVC did not increase any toxicity to the chemotherapy. In Monti's trial, 8 out of 9 patients had tumor shrinkage after only 8 weeks of treatment^[@CR11]^. In Cullen's trial, despite its very small size, overall survival was nearly doubled compared to historical controls^[@CR12]^. Similar good tolerability was reported in non-small-cell lung cancer (NSCLC) and glioblastoma multiforme (GBM) patients^[@CR13]^. A recent mechanistic study showed that ascorbate had preferential cytotoxic effects against KRAS and BRAF mutated colon cancer cells^[@CR14]^. Since more than 90% of pancreatic cancers harbor KRAS mutations^[@CR15]^, there is great potential to use IVC as a low-toxic treatment for pancreatic cancer.

In contrast to oral ingestion of vitamin C, IVC bypasses the physiological "tight control" of systemic concentrations and achieves pharmacological concentrations^[@CR16]--[@CR18]^. Pharmacological concentrations of ascorbate (Asc) generate hydrogen peroxide, which via Haber-Weiss reaction and Fenton chemistry induces oxidative damage^[@CR9],[@CR19]--[@CR21]^. The ascorbate-induced cytotoxicity apparently is selective to different types of cells, with higher toxicity toward cancer cells relative to normal cells^[@CR22]^. Many laboratories have shown in rodent xenografts that Asc decreased the growth rate of various aggressive tumors without causing adverse effects, such as pancreatic cancer, glioblastoma, ovarian cancer, prostate cancer, hepatoma, colon cancer, sarcoma, leukemia, mesothelioma, breast cancer, and neuroblastoma^[@CR19]--[@CR21],[@CR23]--[@CR27]^. Our previous study, using a panel of 7 pancreatic cancer cell lines, showed that Asc sensitized all these pancreatic cancer cells to gemcitabine treatment, despite their different genetic backgrounds^[@CR28]^. In this study we investigated the mechanisms of Asc in inhibiting pancreatic cancer growth and metastasis, evaluated the safety when adding IVC to gemcitabine chemotherapy, and assessed pharmacokinetics to determine whether there is drug-drug interaction when administering IVC and gemcitabine concurrently.

Results {#Sec2}
=======

Mechanisms of pharmacological ascorbate decreasing pancreatic cancer cell viability and metastasis {#Sec3}
--------------------------------------------------------------------------------------------------

A panel of 8 human pancreatic cancer cell lines and 1 murine pancreatic cancer cell line were exposed to up to 20 mM of ascorbate, which are clinically relevant concentrations^[@CR19]^. These cells harbor different combinations of genetic alternations that are the most commonly seen in pancreatic cancer patients, including different mutational status of KRAS and P53 (Table [S1](#MOESM1){ref-type="media"}). Viability in all tested cancer cells was markedly decreased 24 to 48 h after the treatment, despite their different genetic backgrounds. For all tested pancreatic cancer cell lines, IC50 values were below 5 mM (Fig. [1A](#Fig1){ref-type="fig"}). In contrast, the treatment of 20 mM ascorbate only minimally influenced viability of a non-tumorigenic pancreatic ductal epithelial cell hTERT-HPEN and fibroblasts (WI-38). Addition of catalase, an enzyme that specifically degrades hydrogen peroxide (H~2~O~2~), completely reversed ascorbate-induced cell death in cancer cells (Fig. [1A](#Fig1){ref-type="fig"}). To assess long-term inhibition in cancer cells, colony formation ability of the cells in soft agar was evaluated. Ascorbate at 5 mM significantly decreased the percentage of colony formation in all tested cancer cells (Fig. [1B](#Fig1){ref-type="fig"}). Again, catalase completely reversed the inhibitory effect of pharmacological ascorbate. These data confirmed conclusions from previous studies that high concentrations of ascorbate selectively induced cell death in cancer cells versus normal cells, through H~2~O~2~ formation^[@CR20],[@CR21]^. Given the promiscuity of H~2~O~2~ as a prodrug for reactive oxygen species (ROS), and the sensitivity of cells to ascorbate despite a variety of mutations, we postulated that pharmacological ascorbate would target multiple pathways in a cancer cell. As clinical data suggest that high dose intravenous ascorbate has minimal toxicity^[@CR9]--[@CR12]^, targeting multiple pathways for cancer treatment is advantageous because of potential synergy.Figure 1Ascorbate inhibited pancreatic cancer growth and metastasis *in vitro*. (**A**) Dose responses of pancreatic cancer cells and normal cells to ascorbate. Cells were exposed to 0--20 mM ascorbate and cell viability was detected at 24 h by MTT assays. +cat, pre-incubation with 600 U/ml catalase. Data represents Mean ± SD of 3 experiments each done in triplicates. (**B**) Colony formation of pancreatic cancer cells under ascorbate treatment. Cells were exposed to 5 mM of ascorbate and colonies were counted at 21--28 days. Data shows % of colonies relative to untreated control (Mean ± SD of ≥3 replicates). (**C**) Matrigel invasion assays for pancreatic cancer cell migration and invasion. PANC-1 cells were seeded at 1 × 10^4^ cells/insert and were exposed to 1 mM ascorbate (Asc). Cell migration (without Matrigel) and invasion (with Matrigel) were detected at 24 hrs. Bar graph shows the average number of migrated/invaded cells per field. Data represents ≥ 3 experiments each done in triplicates. **(D)** qRT-PCR for changes in EMT markers. PANC-1 cells were treated with 1.5 mM Asc for 24 hrs. Data was normalized to 18s rRNA, and then compared to control PANC-1 cells for fold change. Data represent Mean ± SD of 2--6 independent experiments. (**E**) Western blot in PANC-1 cells showing expression of E-cadherin (E-Cad), vimentin (Vim) and Snail after ascorbate treatment. Vinculin was a loading control. Left panel shows representative blots. Bar graph shows relative band density normalized to vinculin, analyzed by Image J. (**F**) qRT-PCR for MMP-2 mRNA expression in PANC-1 cells treated with ascorbate for 24 hrs. Data represents Mean ± SD of 3 independent experiments. (**G**) Gelatin zymography assay for MMP-2 enzymatic activity after ascorbate treatment. After ascorbate treatment cell lysate were used for RNA isolation, reverse transcription and qRT-PCR. Supernatant media was used for detection of MMP-2 activity using gelatin zymography. Data represents Mean ± SD of 3 independent experiments.

Interestingly, at a sub-cytotoxic concentration of 1 mM, ascorbate was able to inhibit PANC-1 cell migration and invasion through Matrigel coated Boyden chambers (Fig. [1C](#Fig1){ref-type="fig"}), without influencing viability of the cells (Fig. S1). Because cancer cell epithelial-mesenchymal transition (EMT) has been suggested to be the initial step of cancer cell dissemination and metastasis^[@CR29]^, we first examined whether ascorbate treatment influenced the EMT features of pancreatic cancer cells. In PANC-1 cells treated with sub-cytotoxic concentrations of Asc (1--1.5 mM), E-cadherin expression was increased as shown by both RT-PCR and western blot (Fig. [1D,E](#Fig1){ref-type="fig"}). Consistently, Snail, a major EMT transcription factor, was decreased, and the mesenchymal markers Vimentin and N-cadherin were also decreased (Fig. [1D,E](#Fig1){ref-type="fig"}). The overall pattern in the changes of EMT markers indicated attenuation of EMT. Similar results were seen in another pancreatic cancer cell line MIA PaCa2 (Fig. S2). Remarkably, mRNAs of collagens were dramatically increased in Asc treated PANC-1 cells (Fig. [1D](#Fig1){ref-type="fig"}). At the same time, mRNAs of multiple matrix metalloproteinases (MMPs) were decreased (Fig. [1D](#Fig1){ref-type="fig"}). We further examined MMP-2 as a representative^[@CR30]^. Asc treatment decreased MMP-2 expression dose dependently in PANC-1 cells in 24 h of treatment (Fig. [1F](#Fig1){ref-type="fig"}). Gelatinolytic activity of secreted MMP-2 also decreased dose dependently to Asc in the supernatant media of PANC-1 cells (Fig. [1G](#Fig1){ref-type="fig"}). These data indicated that even at sub-cytotoxic concentrations, ascorbate exerted actions in inhibiting pancreatic cancer cell migration and invasion.

Because pharmacological ascorbate was synergistic with paclitaxel^[@CR9]^, and paclitaxel stabilizes microtubules, we investigated whether pharmacological ascorbate could act similarly, by acetylating tubulin and thereby interfering with its catabolism specifically in cancer cells. Robust α-tubulin acetylation was found in PANC-1 and BxPC-3 cells treated with Asc at both sub-cytotoxic and cytotoxic concentrations (1.25--2.5 mM), in a dose dependent manner (Fig. [2A,B](#Fig2){ref-type="fig"}). In contrast, Asc only minimally increased acetylated α-tubulin in the non-cancerous pancreatic ductal epithelial cell hTERT-HPEN. H~2~O~2~ treatment mimicked the effects of Asc, whereas catalase completely eradicated α-tubulin acetylation induced by Asc (Fig. [2B](#Fig2){ref-type="fig"}). These data indicate that the mechanism of Asc action in stabilizing α-tubulin is dependent on extracellular H~2~O~2~ generated by pharmacological ascorbate^[@CR21]^. Previous studies reported DNA damage and subsequent PARP activation in cancer cells treated with Asc^[@CR9]^. As activated PARP utilizes NAD+ as substrate^[@CR20],[@CR31]^, we hypothesized that NAD+ is decreased by Asc treatment. Indeed, NAD+ levels significantly dropped in PANC-1 and BxPC-3 cells in relation to Asc concentrations, within 4 hours of exposure when cell death had not occurred (Fig. [2C](#Fig2){ref-type="fig"}). The decrease of NAD+ caused depletion in ATP in PANC-1 and BxPC-3 cells (Fig. [2D](#Fig2){ref-type="fig"}), which is related to the subsequent cell death and inhibition in proliferation. In the non-cancerous hTERT-HPEN cells, the 1.25--2.5 mM ascorbate concentrations had no effects on the level of NAD+, only the 5 mM concentration caused decrease in NAD+, and the decrease was more subtle compared to that in cancer cells (Fig. [2C](#Fig2){ref-type="fig"}). There was no decrease in cellular ATP levels in hTERT-HPEN cells (Fig. [2D](#Fig2){ref-type="fig"}). The selectivity of Asc effects could be explained by two reasons: 1) active replication renders cancer cell DNA more susceptible to oxidative stress^[@CR32]^ and thus NAD+ is under a greater demand by PARP in cancer cells; 2) the Warburg effect^[@CR9],[@CR33]^ showed that cancer cells depend more on glycolysis for ATP production, which is inefficient compared to normal oxidative phosphorylation pathway. Therefore, depletion of NAD+ induced catastrophic effects on cancer cells' ATP production while sparing normal cells.Figure 2Ascorbate depleted NAD+ in pancreatic cancer cells and enhanced tubulin acetylation. (**A**) Western blot analysis of acetylated α-tubulin in pancreatic cancer cells (BxPC-3 and PANC-1), and an immortalized non-cancerous pancreatic ductal epithelial cell line hTERT-HPNE. Cells were treated for 4 hrs. (**B**) Immunofluorescence with confocal microscopy showing acetylated α-tubulin in cells treated with ascorbate (Asc) 2.5 mM or hydrogen peroxide (H~2~O~2~) 500 µM for 4 hrs. Asc + Cat, co-treatment of ascorbate and 600 U/ml catalase for 4 hrs. Cell nuclei were counter-stained blue with hoechst33342 (2 mg/mL). (**C**) Changes of NAD+ and (**D**) ATP in PANC-1, BxPC-3 and hTERT-HPNE cells treated with Asc for 4 hrs. NAD+ and ATP were detected by HPLC-UV analysis and normalized to protein contents. Data represents Mean ± SD of 2--4 independent experiments. (**E**) Supplementation of NAD+ protected PANC-1 cellular NAD+ levels with Asc treatment. (**F**) Western blot showing tubulin acetylation was prevented with supplementation of NAD+. (**G**) ATP in PANC-1 was protected with supplementation of NAD+. (**H**) Colony formation was protected with supplementation of NAD+. PANC-1 cells were pre-incubated with NAD+ for 30 min, and then treated with Asc and seeded into 2-layer soft agar for colony formation. Colonies were counted after 21 days of incubation. NAD+, tubulin acetylation, and ATP were detected at 4 h of treatment. Data represents Mean ± SD of ≥3 independent experiments.

In addition, because NAD+ is an essential co-factor for the tubulin deacetylzing enzyme Sirt-2^[@CR34]^, the decrease of NAD+ inhibited the activity of Sirt-2 and resulted in increased α-tubulin acetylation, even when there was no change in Sirt-2 protein levels with Asc treatment (Fig. S2A). As evidence, in PANC-1 cells, supplementation of NAD+ to the cell culture media rescued the NAD+ decrease caused by a cytotoxic concentration of 5 mM Asc (Fig. [2E](#Fig2){ref-type="fig"}) thus reversing the Asc-mediated α-tubulin acetylation in a dose dependent manner (Fig. [2F](#Fig2){ref-type="fig"}). Cellular ATP was also rescued (Fig. [2G](#Fig2){ref-type="fig"}). As ATP was protected and the excess tubulin acetylation was prevented, cell viability as measured by colony formation was restored to control values (Fig. [2H](#Fig2){ref-type="fig"}).

Because α-tubulin acetylation is under the balanced control of acetyl transferases (α-TAT) and deacetylases (Sirt-2 and HDAC6)^[@CR35]^, we also examined α-TAT and HDAC6. No change was found in α-TAT with ascorbate treatment, while decrease in HDAC6 expression was found in both PANC-1 and BxPC-3 cells treated with Asc (Fig. S2A). However, overexpression of HDAC6 in PANC-1 cells only slightly reversed α-tubulin acetylation (Fig. S2B), and did not influence Asc-induced cell death (Fig. S2C). Although data here cannot exclude the contribution of HDAC6 and α-TAT, a major role of Sirt-2 is likely because supplementation of NAD+ completely rescued Asc-induced α-tubulin acetylation and cell death.

Acetylated α-tubulin is associated with stable microtubules^[@CR36]^. Here, we found over-stabilization of microtubules induced by Asc treatment. Four hours after Asc treatment, there was an enrichment of high molecular weight fractions of acetylated α-tubulin, indicating microtubule polymerization, mimicking the effect of paclitaxel (Fig. [3A](#Fig3){ref-type="fig"}). As cold temperature is known to induce depolymerization of tubulin^[@CR37]^, cells lysates were put on ice (4 °C), and the Asc-induced tubulin polymerization was found stable over time (Fig. [3B](#Fig3){ref-type="fig"}). The degree of α-tubulin acetylation was inversely correlated to the viability of pancreatic cancer cells after Asc treatment (PANC-1, r = −0.98287 and BxPC-3, r = −0.88609, by Pears test) (Fig. [3C](#Fig3){ref-type="fig"}).Figure 3Ascorbate over-stabilized polymerized tubulin by increased tubulin acetylation. (**A**) Tubulin Polymerization detected by native PAGE in PANC-1 and BxPC-3 cells. After 4 h of Asc or paclitaxel treatment, cells were lysed in RIPA buffer and subject to native PAGE. α-tubulin acetylation was confirmed by SDS PAGE and western blot as shown in the bottom panels. MW, molecular weight in kDa. (**B**) Cold induced microtubule depolymerization assay in PANC-1 and BxPC-3 pancreatic cancer cells. After Asc treatment for 4 h cell lysates were exposed to either 37 °C or sit on ice (4 °C) for indicated time, and were then subject to native PAGE. (**C**) Correlation between tubulin acetylation and cell death induced by ascorbate. All results are representatives of ≥3 independent experiments.

Inhibition of pancreatic cancer growth and metastasis by pharmacological ascorbate in a mouse model {#Sec4}
---------------------------------------------------------------------------------------------------

The multiple mechanisms of Asc actions in pancreatic cancer cells suggested that, inhibition of tumor growth and metastasis was likely to occur *in vivo*. We explored this possibility by using a mouse orthotopic pancreatic cancer model. Luciferase expressing PANC-1 cells were orthotopically injected into pancreas of nude mice. After tumor formation was detected by imaging, mice were grouped and treated with intraperitoneal (IP) doses of ascorbate (Asc) at 4 g /Kg body weight/day for 45 days (equivalent to 1.3 g/Kg/day by intravenous injection)^[@CR20]^, or gemcitabine (Gem, 40 mg/kg every 3 days, IP), or the combination of Asc and Gem. Live animal imaging showed that the gemcitabine treatment did not inhibit tumor growth. In contrast, Asc treatment alone significantly reduced tumor progress longitudinally (Fig. [4A,B](#Fig4){ref-type="fig"}). Combination of gemcitabine and ascorbate (Gem+Asc) achieved significant tumor growth inhibition compared to control and Gem alone groups, but was not different compared to Asc alone group. At the end of the experiment, mice were euthanized and total tumor weight was detected, and visible metastases in the abdomen were examined by gross necropsy. A significant decrease in average tumor weight was found with Asc treated and Gem+Asc treated groups, compared to controls (Fig. [4C](#Fig4){ref-type="fig"}). The number of metastases in each mouse were significantly decreased in the Asc group and the Gem+Asc group, compared to controls (Fig. [4D](#Fig4){ref-type="fig"}). However, the Gem alone treatment had no effects on both tumor weight and metastases, and the Gem+Asc treatment did not show superior effects compared to Asc treatment alone.Figure 4Ascorbate inhibited pancreatic cancer growth and metastasis *in vivo*. (**A**) Bioluminescence images of mice bearing orthotopic pancreatic xenografts treated with ascorbate (Asc), gemcitabine (Gem) or the combination of Asc+Gem. Day 0 indicated the beginning of treatment which was 2 weeks post orthotopic injection of luciferase expressing PANC-1-Leu cells into mouse pancreas. Day 45 was the end of the experiment. Asc, ascorbate treatment at intraperitoneal dose of 4 g/kg/day. Gem, gemcitabine at intraperitoneal dose of 40 mg/kg/week. Control (Ctrl) mice were treated with saline that had the same osmolarity as the ascorbate injections. (**B**) Total tumor burden per mouse by imaging was quantified as photons/sec/cm^2^ (Mean ± SEM). (**C**) Total tumor weight (Mean ± SEM), and (**D**) number of metastatic lesions in each mouse, determined by necropsy at Day 45. (**E**) Immunohistochemical analysis of proliferating cell nuclear antigen (PCNA) with formalin fixed tumor samples. Bar graph (right) represents the average number of PCNA positive cells per field. 15 fields from 3 different tumors from each group were analyzed. (**F**) Histological analysis of mitosis on H&E stained tumor slices. Bar graph (right) shows mitotic index, which was the average number of mitoses from 4 separate fields. Tumors from 4 mice in each group were examined. (**G**) Masson's trichrome staining for collagen content in tumor tissues. Collagen was stained blue, and cytoplasm pink. Bar graph represents Mean ± SD of % area collagen/cross section. 15 fields from 3 different tumors from each group were analyzed. (**H**) H&E staining for analysis of desmoplasia in mouse tumor tissues. Bar graph shows desmoplasia represented as % of area contains desmoplastic response. Tumors from 4 mice in each group were examined (Mean ± SD). (**I**) Masson's trichrome staining for collagen and fibrosis of livers from control and ascorbate treated mice. No collagen or fibrosis was seen. (**J**) qRT-PCR detection of 24 kinds of collagen transcripts in mouse tumor samples. Five tumors from each group were detected in duplicates. Bar shows fold changes compared to control mice in Mean ± SD. \*P \< 0.05; \*\*P \< 0.01; and \*\*\*P \< 0.001. (**K**) Western blot in mouse tumor samples showing changes in CK-19 and Snail. Vinculin was used as loading control. (**L**) Immunohistochemistry in mouse tumor samples showing α-tubulin acetylation. Bar graph represents Mean ± SD of % area of positive staining for acetylated α-tubulin per cross section. 11--17 fields from 3 different tumors from each group were analyzed. (**M**) A simplified scheme showing mechanisms of ascorbate inhibiting pancreatic cancer growth and metastasis.

Immunohistochemical analysis on tumor samples showed that proliferating cell nuclear antigen (PCNA), an indicator of cell proliferation, decreased substantially in tumors treated with Asc (Fig. [4E](#Fig4){ref-type="fig"}). The mitotic index also decreased significantly in the Asc treated group, as analyzed by hematoxylin and eosin stain (H&E stain) (Fig. [4F](#Fig4){ref-type="fig"}). Massive increases in collagen content were found in the tumor stroma of Asc-treated mice (Fig. [4G](#Fig4){ref-type="fig"}). RT-PCR detected significant elevation of multiple collagen synthesis in mice tumors with Asc treatment (7 collagen gene transcripts were upregulated in Asc group, 6 in Gem group, and 14 in Gem+Asc group) (Fig. [4J](#Fig4){ref-type="fig"}). Considering all transcripts, collagen gene expression in Asc group and Gem+Asc group had significant increase relative to control group (P = 0.001 and 0.00003 respectively); gemcitabine alone did not increase collagen gene expression (P = 0.08); and Gem+Asc group had significant increase relative to Gem group (P = 0.05). Accordingly, desmoplasia in tumor stroma was significantly enhanced in Asc-treated mice (Fig. [4H](#Fig4){ref-type="fig"}). No such increase in collagen or fibrosis was found in the livers of the Asc-treated mice (Fig. [4I](#Fig4){ref-type="fig"}). Also consistent with cellular data, decrease of Snail was found in mouse tumors treated with ascorbate (Fig. [4K](#Fig4){ref-type="fig"}), and the epithelial molecule CK-19 showed robust increases in tumor samples from Asc-treated mice (Fig. [4K](#Fig4){ref-type="fig"}). Acetylation of α-tubulin was significantly increased in tumors of Asc-treated mice and in mice treated with Gem+Asc, while Gem treatment alone did not influence α-tubulin acetylation (Fig. [4L](#Fig4){ref-type="fig"}).

Taken together, these *in vitro* and *in vivo* data indicated that, pharmacological ascorbate inhibited pancreatic cancer growth and metastasis through a pro-oxidative mechanism, subsequently induced NAD+/ATP depletion selectively in cancer cells, and resulted in inhibition of cell proliferation and induction of cell death. NAD+depletion also caused impairment in Sirt-2 activity, resulted in imbalance of α-tubulin acetylation and subsequently inhibited mitosis and metastasis. Pharmacological ascorbate treatment altered tumor stroma by enhancing collagen production. EMT was inhibited, with mechanisms worthy of further investigation. These multiple mechanisms of pharmacological ascorbate work together and result in inhibition of tumor growth and metastasis in pancreatic tumor (Fig. [4M](#Fig4){ref-type="fig"}).

Safety and tumor response of IVC in pancreatic cancer patients {#Sec5}
--------------------------------------------------------------

We conducted a Phase I/IIa trial to investigate safety and pharmacokinetic interaction in pancreatic cancer patients using IVC in combination with gemcitabine. Seven participants were enrolled initially and when safety was confirmed, an additional 7 participants were enrolled (Table [S2a,b](#MOESM1){ref-type="media"}). Twelve of the 14 enrolled subjects completed phase I pharmacokinetic evaluation composed of IVC and gemcitabine pharmacokinetics each as single drugs followed by pharmacokinetic measurement of IVC combined with gemcitabine (Table [S3](#MOESM1){ref-type="media"}). These 12 patients entered Phase IIa and received intravenous ascorbate (IVC) 3× weekly at the established doses and in conjunction with gemcitabine on the dose and schedule established by the treating oncologist (Table [S4](#MOESM1){ref-type="media"}). The treatment continued until tumor progression or patient withdrawal for other reasons (Table [S2b](#MOESM1){ref-type="media"}).

Of the 12 participants completed Phase IIa treatment, 50% (6/12) survived over 1 year, and 8.3% (1/12) survived more than 2 years after diagnosis. The median overall survival (OS) was 15.1 months (Fig. [5A](#Fig5){ref-type="fig"}). Six patients had disease progression based on RECIST criteria and were removed from the study (of these six: 5 had treatment prior to enrollment, 1 without pretreatment); 1 voluntarily withdrew for personal reasons; and 4 were withdrawn based on medical issues not related to disease progression, and 1 withdrew because the treatment response made the participant eligible for surgery. Median progression-free survival (PFS) was 3 months.Figure 5Overall survival (OS) and progression free survival (PFS) of the 12 participants who completed phase IIa study. Dotted lines showed median overall survival.

One participant (\#8) had remarkable tumor response to the treatment regimen. Prior to enrollment, the participant had Stage III pancreatic ductal carcinoma, failed FOLFIRINOX treatment and was on disease progression. The patient was not eligible for surgery because of concerns that the tumor mass involved a mesenteric pancreatic artery (Fig. S3A). After enrollment in the trial, the participant received a total of 70 doses of IVC (64 doses of 100 grams/infusion when in Phase II, and 6 doses from 25--75 g/infusion when in Phase I) and gemcitabine (715 mg/m^2^) for 9 cycles. Imaging showed tumor stabilization/shrinkage and improvement in appearance of margins which became more distinct (Fig. S3A). The patient was then determined suitable for surgical resection. The resected tumor was examined by pathological analysis. Consistent with our pre-clinical data, high levels of collagen content were found in tumor stroma compared to pancreatic ductal carcinoma samples from untreated, FOLFIRINOX treated, or gemcitabine treated patients (Fig. S3B).

Significant adverse events of grade 3 or above (SAE) are shown in Table [1](#Tab1){ref-type="table"} and none were deemed secondary to the investigational therapy. Multiple Grade 1 and 2 adverse events were found to be usual in the course of conventional therapy and resolved without progression to Grade 3 or above. Adverse events attributable to IVC were Grade 1 nausea and thirst. No other adverse events were found to be related to IVC.Table 1Significant adverse events (SAEs) at Grade 3 or above for all 14 participants.IDSignificant Adverse EventsPreexisting ConditionResolutionDSMB review1Grade 3 Gastrointestinal: biliary stent malfunction necessitating hospitalizationYesYesNot related to study drug2No SAE3No SAE4No SAE5No SAE6No SAE7Grade 3 Cardiovascular: with chest pressure, tachycardia, dyspnea, and left arm tinglingYesYesNot related to study drug7Grade 3 Pulmonary: dyspneaYesYesNot related to study drug8Grade 3 Urinary System: Sepsis gram negative bacteria from UTIYesYesNot related to study drug9Grade 3 Musculoskeletal: hip fracture from fall with subsequent surgical repair and rehabNoYesNot related to study drug10Grade 3 Gastrointestinal: biliary stent malfunction necessitating hospitalizationYesYesNot related to study drug10Grade 3 Cardiovascular: Third degree heart blockYesYesNot related to study drug10Grade 5 Cardiovascular: Myocardial infarction with severe pulmonary edemaYesNoNot related to study drug11Grade 5 Gastrointestinal: acute onset severe abdominal pain at home with escalating doses of opioids administered; became obtunded and could not be resuscitated by EMTYesNoNot related to study drug12No SAE13Grade 3 Neurologic: Cerebrovascular eventYesNoNot related to study drug14No SAE

Effect of IVC on Gemcitabine Pharmacokinetics {#Sec6}
---------------------------------------------

Pharmacokinetic parameters of individual participant for gemcitabine, its main metabolite dFdU, and ascorbate were evaluated for the 12 participants, by administering each of IVC and gemcitabine alone, and then in combination (Tables [S3](#MOESM1){ref-type="media"}, [S4](#MOESM1){ref-type="media"}). Gemcitabine pharmacokinetics were as expected, with a half-life (t ½) of 15--20 minutes, reflecting rapid deamination to its primary metabolite dFdU, which has a longer t ½ of \~12 hrs. Cmax and AUC of gemcitabine were also comparable to literature reports^[@CR38]^ (Fig. [6A--C](#Fig6){ref-type="fig"}). There was no difference for Cmax and AUC between the values obtained when gemcitabine was administered by itself (Gem) and when it followed IVC (Gem + IVC), either un-normalized (Table [S5](#MOESM1){ref-type="media"}), or normalized to gemcitabine dose (i.e. Cmax/D and AUC/D) (Fig. [6A,B](#Fig6){ref-type="fig"}). Only T ½ of gemcitabine was shortened by 9% (P = 0.003) when combined with IVC (Fig. [6C](#Fig6){ref-type="fig"}). As gemcitabine is rapidly metabolized to dFdU, this decrease in t ½ (from 0.28 h to 0.25 h) is unlikely to be clinically significant, and the pharmacokinetics of dFdU should be considered. For dFdU, the values for t ½, Cmax, and AUC were all comparable to previously reported pharmacokinetic parameters^[@CR38]^, and showed no difference when gemcitabine was administered with ascorbate (Fig. [6D--F](#Fig6){ref-type="fig"}).Figure 6Pharmacokinetic parameters of gemcitabine, dFdU and ascorbate when IVC and gemcitabine were used alone or in combination. Cmax, AUC and t ½ of gemcitabine (**A--C**), dFdU (**D--F**) and ascorbate (**G--I**) were shown. Cmax and AUC were normalized to dose. Line graphs show parameters obtained for each subject from single drug administration (left) and combination administration (right). Box plots denote the median and the 5th, 25th, 75th, and 95th percentiles for all patients, and the outlying values.

We further determined the pharmacokinetics of IVC when used alone or in combination with gemcitabine (Fig. [6G--I](#Fig6){ref-type="fig"}). Cmax was not changed. Both t ½ and AUC, however, were impacted by gemcitabine. T ½ decreased by 25% and AUC decreased by 20% for ascorbate when it was used with gemcitabine.

Overall, these data clearly indicated that no significant alteration in gemcitabine disposition had occurred related to the use of IVC, however, a small increase in clearance of ascorbate was seen when co-administered with gemcitabine.

Discussion {#Sec7}
==========

Previous studies indicate that hydrogen peroxide (H~2~O~2~) formation drives the actions of pharmacological ascorbate against cancer cells^[@CR19]--[@CR21]^. Following this mechanism, studies have shown that catalase and/or other antioxidant enzymes in the cells contribute importantly to the cell's sensitivity to pharmacological ascorbate, so as trans-metals that enhance ROS formation^[@CR13],[@CR24],[@CR39],[@CR40]^. It is proposed that these mechanisms rendered cancer cells more susceptible than normal cells because cancer cells in these studies were found to have decreased ability to metabolize H~2~O~2~, or increased ability to form ROS. A recent study suggested that increased intracellular superoxide and H~2~O~2~ in cancer cells can disrupt ion metabolism and enhance intracellular redox cycling of ascorbate by iron ions contributing to selective toxicity and chemo-radio-sensitization^[@CR13]^. However, sensitivity to pharmacological ascorbate treatment seems to involve multiple cellular components and functional pathways in addition to the capacity of metabolizing H~2~O~2~ ^[@CR14],[@CR20],[@CR41]--[@CR43]^. What is apparent is that peroxide formation, mediated by pharmacological ascorbate, is essential for cell death. A thorough understanding is yet to form on the cellular/molecular mechanisms of pharmacological ascorbate action. We postulate that Asc-induced ROS have multiple mechanisms of action on cells. Consistent with this hypothesis, many factors are suggested important in determining the fate of cancer cells after exposure to pharmacological ascorbate, such as hypoxia induced factor (HIF)^[@CR44]^, KRAS/BRAF status^[@CR14]^, P53 status^[@CR45]^, DNA repair^[@CR42]^, glucose and/or ascorbate transporters^[@CR46]^. We showed in previous studies that Asc-generated ROS induces DNA damage and ATP depletion, causing downstream AMPK activation and mTOR inhibition^[@CR9]^. Described here are several cellular responses that have not been elucidated before. Downstream to DNA damage induced by H~2~O~2~ ^[@CR9]^, cellular NAD+ decreases as an effect of PARP activation^[@CR47]^. Decrease of NAD+ triggers different effects in pancreatic cancer cells versus normal cells. First, ATP in pancreatic cancer cells decreases and leads to cell death, while normal cells maintain their ATP levels. This phenomenon has a root in dysregulated glucose metabolism in cancer cells, known as the Warburg Effect^[@CR33],[@CR48],[@CR49]^, that renders cancer cells less efficient in ATP production than normal cells because they depend on a larger proportion on glycolysis for ATP whereas normal cells depend more on oxidative phosphorylation. Second, lack of NAD+ inhibits activity of Sirt-2, and induces tubulin acetylation, which in turn disrupts dynamics of microtubules. This influences cancer cells that are actively undergoing mitosis and migration. Further, pharmacological ascorbate inhibited EMT, an important process contributing to cancer metastasis. The mechanisms of Asc-induced EMT inhibition is worth further investigation. Finally, pharmacological ascorbate enhanced collagen synthesis in tumor stroma. Despite the controversial reports on the effect of elevated collagen in tumor progression^[@CR50]--[@CR54]^, the increased collagen by pharmacological ascorbate treatment is associated with restriction of tumor invasion in our animal experiment and in the patient description.

Targeting multiple pathways of cancer cells without affecting normal cells could decrease toxicities and the likelihood of emerging resistance, both being serious problems in cancer chemotherapies. Data here show multi-targeting effects of pharmacological ascorbate that favor death/inhibition in cancer cells relative to normal cells. Thus cell sensitivity to pharmacological ascorbate is not likely to be determined by any single pathway^[@CR43]^. For a cancer that has complicated heterogeneity, such as pancreatic cancer, the multi-targeting actions of ascorbate are advantageous, because if inhibition of one target is incomplete, or ultimately fails because of mutations, treatment effects could be exerted through other pathways. A potential problem for multi-targeting agents is collateral/ multiple toxicities. However, pharmacological ascorbate is safe with few adverse events in animals and people^[@CR55]^. Combination of this unique agent with current 1^st^ line chemotherapy or radiation therapy may result in additional synergistic effects in treating tumors.

The FDA recently approved the addition of nab-paclitaxel to gemcitabine (Nabpax + Gem) for treatment of advanced pancreatic cancer^[@CR5]^. In a Phase III trial, Nabpax + Gem improved median overall survival (OS) to 8.5 month compared to 6.7 months with gemcitabine. One year survival was 35% and 2 year survival was 9%, significant increases compared to 22% and 4% with gemcitabine. A few smaller Phase II trials with 11--30 patients achieved 12--13.5 months median OS with Nabpax + Gem^[@CR56]--[@CR59]^. However, the Nabpax + Gem increased grade 3 or higher neutropenia, fatigue and neuropathy^[@CR5]^. Our Phase I/IIa trial with data in 12 patients showed an encouraging median OS of 15.1 months by adding high dose intravenous ascorbate to gemcitabine (IVC + Gem). Survival at 1 year was 50%, and at 2 years was 8.3%. We realize that this trial cannot be compared to the Phase III trial using Nabpax + Gem. Our trial had a one-arm design, small sample size, a mixture of prior treated and untreated patients, and a mixture of locally advanced PDAC (4 participants, 33%) and metastatic PDAC (8 participants, 67%) at enrollment. Our results are in agreement with another published trial using similar treatment of IVC + Gem^[@CR12]^, in which 9 subjects with biopsy-proven stage IV pancreatic cancer were treated with twice weekly IVC and co-current gemcitabine, aiming to establish tolerability and safety of IVC. The dose and duration of IVC treatment were similar in both the reported trial and our trial: escalating from 15 g to the aimed plasma ascorbate level of \~350 mg/dL (ranging from 50 to 125 g/infusion of ascorbate). Treatment duration was 69--556 days. Of the 9 patients completed the treatment, 6 maintained or improved performance status. The overall survival achieved 13 ± 2 months, similar to the 15.1 months in our trial. Notably, the patient in our trial who became resection eligible had metastatic disease on Stage III at enrollment, and had failed FOLFIRINOX.

We observed a mix of stable disease, partial response and disease progression in the course of our trial. Although RECIST criteria^[@CR60]^ was used to assess tumor responses, overall response was not selected to be discussed when the trial was designed. With the focus on the Phase I pharmacokinetic analysis of ascorbate with gemcitabine and the intent to enroll based on the participants needed to determine that effect, it is not likely to be able to adequately evaluate response in these limited numbers. Also, our trial did not observe an improved progression-free survival (PFS), compared with gemcitabine or Nabpax + Gem^[@CR5]^. Except for the small sample size, the lack of improvement in PFS could be secondary to the high drop-out rate and high percentage of pre-treated patients. Eight out of the twelve (67%) patients had failed prior treatments, and had progressive disease at the time of enrollment. Six patients (50%) had disease progression when on the trial. One patient had tumor response and was removed from the trial for surgery resection of the tumor, 4 dropped out because of unrelated medical issues and 1 dropped out for personal reason. These removed or dropped-out patients did not necessarily have disease progress while on the trial, but their withdrawals were counted as time to progress when calculating the PFS, causing an underestimation of PFS for this trial. A larger, more definitive Phase II/III trial is needed to detect efficacy and benefit of IVC.

Independent of the promises in treatment efficacy, an obvious advantage for using IVC in cancer treatment is its low-toxicity, which is now shown repeatedly in more than 10 recent clinical studies^[@CR61]^. Here again, IVC did not add any significant adverse effects (SAE) to gemcitabine chemotherapy. IVC does not alter gemcitabine Cmax and AUC, only shortened gemcitabine half-life (T1/2) by 4 minutes, which was statistically significant. However, as gemcitabine T1/2 is only 16.7 minutes and is quickly metabolized to dFdU which has a much longer half-life of 12 hours, evaluation of dFdU half-life is more clinically meaningful. IVC does not change dFdU half-life, nor does it change Cmax or AUC of dFdU. The conclusion can be made that IVC does not influence gemcitabine pharmacokinetics in any clinically significant way. These data are the first to describe in detail that ascorbate does not change pharmacokinetic parameters of a standard chemotherapeutic agent.

Methods {#Sec8}
=======

Phase I/IIa Clinical Trial {#Sec9}
--------------------------

A prospective phase I/IIa trial was conducted at the University of Kansas Medical Center (KUMC) Cancer Center and KU Integrative Medicine Clinic in Kansas City, Kansas. The KUMC Institutional Review Board approved the protocol and all participants were provided written informed consent. Oversight was provided by the US Food and Drug Administration's Center for Drug Evaluation and Research, Division of Oncology Drug Products, with an Investigational New Drug assignment for injectable ascorbate. The trial was registered with <http://www.ClinicalTrials.gov> on May 24^th^, 2011 and assigned an identifier NCT01364805. All methods were performed in accordance with the relevant guidelines and regulations.

Independent data safety and monitoring oversight was provided by the KUMC Cancer Center Data Safety and Monitoring (DSMB) Committee. The primary objective was to assess safety combining high-dose IV ascorbate (IVC) with gemcitabine chemotherapy in the treatment of locally advanced or metastatic pancreatic cancer not eligible for surgical resection. The secondary objective was to determine if there was drug-drug interaction in terms of pharmacokinetics. Patients with newly diagnosed unresectable or metastatic pancreatic cancer who declined combination chemotherapy, or patients who progressed on a non-gemcitabine containing treatment were eligible for further screening, requiring them to be ambulatory with Eastern Cooperative Oncology Group (ECOG) performance status 0 to 2; have normal glucose-6-phosphate dehydrogenase (G6PD) status; have adequate renal, hepatic, and hematologic function; be able to receive chemotherapy for duration prescribed; and not use tobacco products.

Seven subjects were enrolled initially and when safety was confirmed an additional 7 participants were enrolled to total 14 participants. All participants received gemcitabine chemotherapy according to standard of care, and all doses were administered in the KUMC Cancer Center under the direction of the treating oncologist with oversight by co-investigator oncologist. Injectable ascorbic acid (Mylan, Inc. formerly Bioniche Pharma) dosing was established via dose escalation as described elsewhere^[@CR9]^ (Table [S3](#MOESM1){ref-type="media"}).

For Phase I, after dose escalation of IVC, pharmacokinetic evaluation of ascorbate alone was performed, followed by pharmacokinetic evaluation of gemcitabine and its metabolite 2-fluoro-2′-deoxyuridine (dFdU), and then IVC and gemcitabine were combined on the same day and pharmacokinetic evaluation was performed (Table [S3](#MOESM1){ref-type="media"}). During this time, safety data was collected. Then subjects entered Phase IIa and received IVC 3× weekly in conjunction with established gemcitabine dose and schedule, until tumor progression determined by Response Evaluation Criteria in Solid Tumors (RECIST), or withdrawal for other reasons. All untoward events were evaluated, using the National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events version 4.

Pharmacokinetic data were collected over a 24-hour period and were characterized in 12 subjects. Serial samples from blood draws were processed within 30 min of acquisition, and plasma were stored at −80 °C until analyzed. Doses of gemcitabine and ascorbate were 1000 mg/m^2^ and 100 g, respectively, with a few subjects received reduced doses as determined by the treating oncologist (Table [S4](#MOESM1){ref-type="media"}). Compensation for the reduced doses was incorporated by using dose-normalization transformation for Cmax and AUC values.

Orthotopic mouse model for pancreatic cancer {#Sec10}
--------------------------------------------

All procedures followed the animal protocol approved by the Institutional Animal Care and Use Committee at the University of Kansas Medical Center. PANC-1 cells were transfected with the lentivirus-expressing luciferase gene and stable expression cells were selected (PANC-1--Luc). Female Ncr nu/nu mice at 4--6 week of age were performed a small subcostal laparotomy while under anesthesia, with 2 × 10^5^ PANC-1-Luc cells injected into the tail of pancreas. Mice were imaged a week after cell implantation to monitor tumor formation. To image, each mouse was given 150 mg/kg D-luciferin by intraperitoneal injection. Animals were scanned using an IVIS imaging system (Waltham, MA). Mice were grouped to make the initial tumor burden even (n = 8 per group), and then were treated with intraperitoneal injection of ascorbate (Asc, 4 g/kg daily), or gemcitabine (Gem, 40 mg/kg every 3 days), or the combination of Asc and Gem. Control group was treated with saline with osmolarity equivalent to the ascorbate solution. Mice were imaged longitudinally. Treatment lasted for 45 days. At necropsy, total tumor burden were weighted, metastatic lesions in the abdomen were examine by gross necropsy. Tissue samples were fixed in formaldehyde, or spot-frozen on dry ice and stored at −80 °C for further analysis.

Analytical methods {#Sec11}
------------------

Concentrations of gemcitabine and 2-fluoro-2′-deoxyuridine (dFdU) were detected using a fully validated UPLC-MS/MS assay^[@CR38]^. Concentrations of ascorbate were detected using an established method using HPLC coupled with electro-chemical detection^[@CR62]^. Cmax, AUC and t ½ were calculated using Phoenix WinNonlin® v. 6.4 software.

Cell culture and viability assay {#Sec12}
--------------------------------

hTERT-HPEN (immortalized human pancreatic ductal epithelial cells) was provided by Dr. Shrikant Anant at the University Of Kansas Cancer Center (Kansas City, KS). L3.6 was provided by Dr. Liang Xu at the University of Kansas (Lawrence, KS). Pan02 was donated by Dr. Anthony Sandler at Children's National Medical Center (Washington DC). All other cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA). All cells were cultured in recommended media supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin/streptomycin at 37 °C in a humidified 5% CO2 atmosphere. Treatments were performed at \~70% confluency for all cells (approximately 0--0.4 nmoles/cell of ascorbate). MTT (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used in determining cell viability. Formazan crystal was dissolved in DMSO and color measured at 570 nm.

Longer term cell survival was measured using colony formation assay in a 2-layer soft agar system, with top layer containing 0.5% and bottom layer containing 0.75% agar. Cells were seeded in 6-well plates at 1,000 to 2,500 cells per well (approximately 2--5 nmoles/cell of ascorbate). Ascorbate, catalase, or NAD+ were added at the time of seeding. Colonies were stained with crystal violet and counted after 21--28 days.

Gene transfection {#Sec13}
-----------------

PANC-1 cells were engineered to overexpress a flag tagged HDAC6. Recombinant Plasmid pcDNA3.1+-HDAC6-flag and the empty vector pcDNA3.1+ were purchased from Addgene (Cambridge, MA). Plasmids were transfected into the PANC-1 cells with lipofectamine ^TM^ 2000 reagent (Invitrogen, Grand Island, NY) according to manufacturer instructions. G418 was used for selection of positive clones. Optimal dose of G418 was determined by MTT assay (IC~50~ = 0.625 mg/ml). Thirty-six hours after transfection, cells were passaged and were cultured in DMEM medium containing 10% FBS and 1 mg/ml G418. After 6 days, G418 was reduced to 0.5 mg/ml. G418 resistant clones were picked after two weeks and then expanded. Stable expression of HDAC6 in the clones was confirmed using western blot.

RNA isolation, cDNA synthesis, and Real-Time PCR {#Sec14}
------------------------------------------------

Total RNA was extracted from cells by using TRIZOL reagent (Invitrogen, Grand Island, NY), or Nucleospin RNA (Macherey-Nagel, Deer Park, NY) according to the protocols of the manufacturers. cNDA synthesis was performed with 1 µg of total RNA using Omniscript RT kit according to manufacturer's protocol (Quiagen, Valencia, CA), and was diluted 1:5 in autoclaved nanopure water for further analysis. Real-time PCR was performed using Bio-Rad iQ iCycler detection system with iQ SYBR green supermix (Bio-Rad Laboratories Ltd, Hercules, CA). Reactions were performed in a total volume of 10 µl, including 5 µl of 2X iQ SYBR green supermix, 1 µl of primers at 20 pmol/µl and 1 µl of cDNA template. All reactions were carried out in at least triplicates for every sample. Data were normalized to 18 S rRNA, or GAPDH.

Matrigel invasion assay {#Sec15}
-----------------------

Cells were seeded into inserts of Boyden chambers (BD Biosciences, San Jose, CA) that were either pre-coated or not coated with matrigel (0.1 mg/mL), at 1 × 10^4^ cells per insert in 0.5% FBS containing medium. Media in wells contained 10% FBS as chemo-attractor. After 24 h incubation, cells invaded to the bottom-side of the membrane were fixed with 4% para formaldehyde for 2 min, permeabilized with 100% methanol for 20 min, followed by staining with 0.05% crystal violet for 15 min at 37 °C. Non-invading cells on the top-side of the membrane were removed by cotton swab. Photographs were taken from five random fields per insert. Cells in the five random fields were counted.

Gelatin zymography {#Sec16}
------------------

Supernatant media from PANC-1 cell culture was subjected to electrophoresis on 10% SDS poly acryl amide gel containing 0.2% gelation (Sigma, St. Louis, MO). After adequate rinse in rinse buffer (1 M Tris pH8.0, 1 M CaCl2, 2.5% Triton X-100), the gel was equilibrated for 30 min in incubation buffer (1 M Tris pH8.0, 1 M CaCl2), and then incubated in fresh incubation buffer at 37 °C for 16 hrs. The gel was stained with Coomassie Brilliant Blue R-250 (Bio-Rad, Hercules, CA) for 1--2 h, and then destained in 10% methanol and 5% acetic acid. The clear bands corresponding to MMP activity were analyzed by optical densitometry by ImageJ software.

Immunofluorescence and immunohistochemistry {#Sec17}
-------------------------------------------

Cells grown on 96 well plates were treated and then fixed in 4% paraformaldehyde, and blocked in blocking buffer (1X PBS+5% Goat serum+0.3%Triton X-100) at room temperature for 1hr. Anti-acetylated α-tubulin (Abcam, 1:4000 dilution in 1XPBS+1%BSA+0.3% triton X-100) was incubated at 4 °C for overnight. Alexa flour 488-conjugated secondary antibody (1:500) was incubated for 2 h in dark. Nuclei were visualized with 1 mg/mL Hoechst33342.

Paraffin-embedded tumor sections (5 µM thick) were deparaffinized and rehydrated by serial incubation in xylene, 100%, 95% ethanol, and water. Endogenous peroxide was blocked with 3% hydrogen peroxide at room temperature for 10 min. Antigen retrieval was performed in boiling citrate buffer for 5 min followed by sub boiling temperature for 10 min. Anti-PCNA primary antibody (1:1000, Cell Signaling Technology, Beverly, MA) was incubated overnight at 4 °C. Biotinylated secondary antibody and DAB were used to develop the blots (Vectastain ABC --AP kit, Vector Laboratories, Burlingame, CA). All the sections were counterstained with hematoxylin.

Masson's trichrome staining for collagen {#Sec18}
----------------------------------------

Collagen content in the tumor and liver sections was detected by using Masson's trichrome stain kit (Sigma, St. Louis, MO) following manufacturer's protocol. The cytoplasm was stained a pink to red color and the collagen was stained blue.

Native PAGE, SDS PAGE and western blot {#Sec19}
--------------------------------------

Cells were lysed with RIPA buffer (25 mM Tris pH 7.6, 150 mM NaCl, 0.5% sodium deoxcholate, 1% NP-40, supplemented with 1 mM DTT and protease inhibitors), centrifuged, and supernatant was used. Protein quantification used BCA method (Pierce BCA protein assay kit, Waltham, MA). SDS-PAGE and Western blot was performed as routine. Native PAGE protocol was adapted from a recent publication^[@CR63]^. Briefly, 10 µg protein was mixed with equal volume of 2 × native sample buffer (Bio-Rad laboratories, Ltd, Hercules, CA), and were loaded onto 8% poly acryl amide gels without SDS. The electrophoresis was at 60 V for 3.5--4 hour. Proteins were transferred to PVDF membrane for overnight at 4 °C. Dilutions for primary antibodies were anti-α-tubulin, anti-HDAC6 anti-vinculin, (1:1000, Cell Signaling Technology, Beverly, MA), anti-acetylated α-tubulin (1:5000), anti-Sirt-2 (1:500), anti-α-TAT (1:1000), anti-flag (1:1000) (Sigma Aldrich, St. Louis, MO). A goat anti-rabbit and anti-mouse polyclonal horseradish peroxidase (HRP) conjugated secondary antibody (1:1000, Cell Signaling Technology, Beverly, MA) was used. Blots were established using a chemiluminescence detection kit (Pierce ECL western blotting substrate, Thermo Scientific, Rockford, IL).

Statistics {#Sec20}
----------

Statistical analysis was performed using SYSTAT 11 software for student T-test for comparison between 2 groups, and using ANOVA with post-hoc Bonferroni and Holm analysis when comparison involves more than 2 groups, with all groups simultaneously compared. A difference was considered significant at the p \< 0.05 level. Correlation analysis used the standard Pears Tests. Differences between individual pharmacokinetic parameters for gemcitabine, dFdU, and ascorbate determined from the single agent treatment and from the combined treatment were assessed using a paired t-test when data sets met the Shapiro-Wilk test of normality, or using the Wilcoxon signed rank test when normality was not observed.

Study Approval {#Sec21}
--------------

The clinical trial was approved by the KUMC Institutional Review Board. All participants were provided written informed consent at enrollment. Oversight was provided by the US Food and Drug Administration's Center for Drug Evaluation and Research, Division of Oncology Drug Products, with an Investigational New Drug assignment for injectable ascorbic acid. The trial was registered with <http://www.ClinicalTrials.gov> and assigned an identifier NCT01364805. Independent data safety and monitoring oversight was provided by the KUMC Cancer Center Data Safety and Monitoring (DSMB) Committee.

The animal protocol was approved by the Institutional Animal Care and Use Committee at the University of Kansas Medical Center.
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